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SUMMARY 
An inves t iga t ion  was conducted t o  determine t h e  combustion perform- 
ance c h a r a c t e r i s t i c s  of gaseous hydrogen f u e l  i n  a s i n g l e  tubular  t u rbo je t  
combustor. The combustor w a s  operated over a range of inlet-air pressures  
from 3.3 t o  14.3 inches of mercury absolute. Reference v e l o c i t i e s  as high 
as 174 f e e t  per second were invest igated t o  pressures as low as 8.0 inches 
of mercury absolute;  reference ve loc i t i e s  at lower pressures  were l i m i t e d  
t o  lower values by t h e  t es t  f a c i l i t y .  Limited comparison tes ts  were con- 
ducted with gaseous propane f u e l .  
Hydrogen f u e l  burned over very broad ranges of temperature r i s e  a t  
a l l  pressure conditions invest igated.  No combustion i n s t a b i l i t y  or flame 
blow-out w a s  observed. Combustion e f f i c i enc ie s  i n  excess of 90 percent 
were maintained t o  pressures  as low as 8.0 inches of mercury absolute  
with v e l o c i t i e s  as high as 174 f e e t  per second. A t  pressures  below 8.0 
inches of mercury absolute,  marked decreases i n  e f f i c i ency  were observed. 
Propane operated over only a very l imi t ed  range of temperature rise; 
combustion e f f i c i e n c i e s  were lower than those  obtained with hydrogen and 
were adversely a f f ec t ed  by increases i n  reference ve loc i ty  and decreases 
i n  i n l e t - a i r  pressure.  
t r i b u t e d  t o  i t s  higher flame speed and wider flammabili ty range. The 
f a c t  t h a t  100-percent combustion.efficiency w a s  not obtained over a broad 
range of operat ing conditions i s  a t t r i b u t e d  t o  inadequate mixing of t h e  
f u e l  and a i r  i n  t h e  primary zone of the combustor used f o r  t h e  t e s t s .  
The superior  performance of t h e  hydrogen is  a t -  
INTRODUCTION 
A research program i s  being conducted a t  the NACA Lewis laboratory 
t o  improve combustion eff ic iency and combustion s t a b i l i t y  l i m i t s  of tur- 
bo je t  combustors. The use of a spec ia l  f u e l  t o  provide improved perform- 
ante at  very low operating pressures is described i n  t h i s  r epor t .  
. 
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The l i m i t s  and e f f ic iency  of combustion i n  t h e  t u r b o j e t  a r e  s e r i -  
ously reduced a t  low operating pressures  encountered i n  low-speed, high- 
a l t i t u d e  f l i g h t .  Current combustors i n  engines with pressure r a t i o s  of 
5 can be operated a t  subsonic f l i g h t  condi t ions t o  a l t i t u d e s  of about 
45,000 f e e t  while maintaining e f f i c i enc ie s  over 90 percent ( r e f .  1). 
Experimental combustors have been developed (ref. 2 )  t h a t  maintain t h i s  
same l eve l  of performance t o  a l t i t u d e s  of 70,000 feet .  The pressures  
encountered i n  subsonic f l i g h t  a t  70,000 f e e t  a r e  of t h e  order of 4 t o  5 
pounds per square inch absolute  f o r  a compressor pressure r a t i o  of 5. 
Some appl icat ions f o r  combustors may r equ i r e  operat ion a t  pressures  wel l  
below t h i s  range. 
speed a i r c r a f t  might requi re  combustion a t  pressures  as low as 1 t o  3 
pounds per square inch absolute; very low pressures  would a l s o  be encoun- 
t e r e d  i n  a combustor supplied with a i r  from a ducted fan,  o r  i n  an 
a f te rburner .  
For example, a very h igh-a l t i tude  (100,000 f t )  low- 
A promising a l t e r n a t i v e  t o  f u r t h e r  design improvements f o r  a t t a i n i n g  
t h e  required performance is  t h e  use of a spec ia l ,  h ighly r e a c t i v e  f u e l .  
Depending upon airframe requirements, l o g i s t i c s ,  and o ther  f ac to r s ,  t h i s  
spec ia l  f u e l  may c o n s t i t u t e  (1) the  main f u e l  supply t o  t h e  engine, ( 2 )  a 
p i l o t  f u e l  t o  a i d  combustion of t he  main fue l ,  or (3) an a l t e r n a t e  f u e l  
supply for use o n l y  during operat ion a t  the  very severe conditions.  
To evaluate  the  performance c h a r a c t e r i s t i c s  of one poss ib le  " spec ia l  
fue l , "  low-pressure combustion t e s t s  were conducted with a tubular  turbo- 
j e t  combustor supplied with gaseous hydrogen f u e l .  
ducted a t  pressures  from about 3 t o  14 inches of mercury absolu te ,  and 
reference air  v e l o c i t i e s  from 70 t o  170  f e e t  per second. The r e s u l t s  a r e  
analyzed t o  ind ica te  the  low-pressure combustion performance charac te r i s -  
t i c s  obtained with hydrogen, and t h e  e f f e c t  of fue l - in j ec to r  s i z e  and 
design on t h e  performance of t h i s  f u e l .  The da ta  a r e  compared w i t h  l i m -  
i t e d  data obtained with a gaseous hydrocarbon fue l ,  propane, a t  some of 
t he  conditions inves t iga ted .  
The tests were con- 
APPARATUS 
Combustor I n s t a l l a t i o n  and Instrumentation 
The i n s t a l l a t i o n  of t h e  s ing le  533 combustor i s  shown schematically 
i n  f igu re  1. A i r  having a dewpoint of e i t h e r  -20° or  -70° F w a s  supplied 
t o  t h e  combustor from t h e  laboratory supply system; t h e  hot exhaust gases 
from t h e  combustor were cooled and fed t o  t h e  laboratory exhaust system. 
The a i r  flow t o  the  combustor w a s  measured with a square-edged o r i f i c e  
p l a t e  ins ta l led  according t o  A.S.M.E. spec i f i ca t ions  and located upstream 
of t he  flow-regulating valves.  The combustor-inlet a i r  temperature was 
regulated by means of e l e c t r i c  hea te rs .  
sl 
M 
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A diagrammatic cross sec t ion  of the combustor i n s t a l l a t i o n  showing 
the  pos i t i on  of instrumentation planes and the  loca t ion  of temperature- 
and pressure-measuring instruments i n  these planes is presented i n  f i g -  
ure  2.  Thermocouples and to ta l -pressure  tubes were loca ted  at  centers  
of equal a reas .  Construction d e t a i l s  of t h e  instrumentation probes are 
shown i n  f i g u r e  3. 
ind ica ted  on automatic balancing potentiometers. The inlet and o u t l e t  
t o t a l -p re s su re  da t a  were obtained w i t h  manometers connected t o  1 2  mani- 
folded probes a t  s t a t i o n s  A-A and D-D ( f ig .  2 ) .  
The combustor-inlet and -ou t l e t  temperatures were 
Fuel Supply System 
A schematic diagram of t h e  system used t o  supply gaseous f u e l  t o  t h e  
s i n g l e  combustor i s  presented i n  f igu re  4. Hydrogen w a s  s to red  i n  38 
cyl inders ,  manifolded together,  at a pressure of 2600 pounds per square 
inch. 
pheric  condi t ions)  of hydrogen. 
of t h e  cyl inders  through a reducing valve, f i l t e r ,  rotameter, t h r o t t l e  
valve, check valve, and i n t o  t h e  combustor. A relief valve and a pressure 
switch, vented t o  t h e  atmosphere, were i n s t a l l e d  t o  p ro tec t  t h e  system 
aga ins t  excessive pressures .  Analysis ind ica ted  the  hydrogen t o  be a t  
l e a s t  99 mole percent pure. Gaseous propane f u e l  w a s  suppl ied from ap- 
proximately 800-cubic-f oot cyl inders  (at  standard atmospheric conditions ) 
at  120  pounds per square inch through the  same system t h a t  w a s  used f o r  
t h e  hydrogen. The p u r i t y  of t he  propane w a s  estimated by t h e  suppl ie r  t o  
be a t  least  96 mole percent.  
Each cyl inder  contained about 2780 cubic f e e t  (at s tandard atmos- 
The hydrogen w a s  drawn from one or more 
Fuel-flow r a t e s  t o  t h e  combustor were measured by rotameters.  The 
rotameters were ca l ib ra t ed  with a i r  at temperature and pressure  condi- 
t i o n s  t h a t  provided f l u i d  dens i t i e s  approximately t h e  same as those of 
t h e  t e s t  f u e l s  a t  t h e  t e s t  conditions.  Appropriate dens i ty  cor rec t ions  
were then appl ied t o  t h e  rotameter measurements. 
Fuel In jec tors  
A number of f u e l  i n j ec to r s  were used i n  t h i s  i nves t iga t ion  t o  obta in  
a v a r i a t i o n  i n  in j ec t ion  cha rac t e r i s t i c s .  Construction d e t a i l s  of t hese  
i n j e c t o r s  a r e  shown i n  f i g u r e  5. In jec tors  A, B, and C were commercial 
hollow-cone swirl-type nozzles modified by removing t h e  s w i r l  p a r t s  and 
adding s i x  equally spaced holes posit ioned 45O from t h e  ax i s  of t h e  noz- 
z l e .  
s w i r l  pa r t s ,  enlarging the  c e n t r a l  o r i f i ce ,  and facing t h e  t i p  of t he  
i n j e c t o r  t o  form a sharp-edged o r i f i ce .  
modified " a x i a l  tube" in j ec to r  used f o r  gaseous f u e l  i n j e c t i o n  i n  t h e  in-  
v e s t i g a t i o n  reported i n  reference 3. 
t h e  f u e l  a t  a more gradual r a t e  t o  avoid over-rich f u e l - a i r  mixtures i n  
In j ec to r  D w a s  a similar commercial nozzle modified by removing t h e  
In j ec to r  E w a s  similar t o  t h e  
In j ec to r  E w a s  designed t o  introduce 
4 
Inlet-air A i r -  
t o t a l  flow 
0 .  0.. . e.. . 0 .  0 .  . . . 0.. .. 
0 .  0 .  0 .  . 0 . .  0 . .  0 . .  
0 .  0 . .  0 . .  0 . 0 .  0 . .... 
e .  0 .  0 . .  . 0.. . . 0 . .  
0 .  0.. . . . 0 .  0 .  . . 0.. 0 .  0.. 0 .  
Reference ve loc i ty ,  a 
f t / s e c  
NACA RM E54L30a 
pressure,  r a t e ,  
in .  Hg abs I lb/sec 
t h e  upstream primary-combustion zone. The o r i f i c e s  i n  i n j e c t o r  E were 
arranged t o  provide an a x i a l  d i s t r i b u t i o n  of fue l -o r i f i ce  a rea  approxi- 
mate ly ' the  same as t h e  a x i a l  d i s t r i b u t i o n  of a i r - en t ry  a rea  contained i n  
t h e  perforat ions i n  the  w a l l s  of t h e  combustor l i n e r .  
Inlet-air  temperature, 
.. 
O F  
The f low-rate  - pressure-drop c h a r a c t e r i s t i c s  of t hese  f u e l  in jec-  
t o r s  a re  presented i n  f igu re  6. In j ec to r s  B, D, and E have similar 
pressure-drop cha rac t e r i s t i c s .  
8.0 
PROCEDURE 
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The combustion performance of gaseous hydrogen f u e l  was'determined 
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"Based on combustor maximum cross-sect ional  
a rea  of 0.267 s q  f t .  
The reference v e l o c i t i e s  a r e  average values;  some v a r i a t i o n  i n  a i r - f low 
r a t e  was t o l e r a t e d  a t  t he  lower pressure conditions because of l i m i t a -  
t i o n s  i n  t h e  flow cont ro l  system used. For t he  a i r  v e l o c i t i e s  and com- 
bustor  temperature-rise conditions of i n t e r e s t ,  a pressure of 3.3 inches 
of mercury absolute  w a s  t h e  minimum pressure t h a t  could be maintained 
i n  t h e  f a c i l i t y .  
A t  each of these  combustor-inlet conditions,  hydrogen performance 
da ta  were recorded over a wide range of f u e l - a i r  r a t i o s ;  t h i s  range w a s  
l imi t ed  by (1) fuel-f low metering equipment, ( 2 )  f u e l  supply, or (3 )  ex- 
cessive combustor-outlet temperatures. Several  minutes were alloweci 
. 
. 
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A i r  - 
flow 
5 
Reference veloci ty ,  
f t / s ec  
f o r  combustion t o  s t a b i l i z e  a t  each condition before  t h e  performance data 
were recorded. 
operat  ion.  
* The spark plug used f o r  i g n i t i o n  w a s  de-energized during 
r a t e ,  
lb/s e c 
For comparison purposes, combustion tes ts  were conducted with gase- 
ous propane f u e l  a t  the  following i n l e t - a i r  conditions:  
’ 
I n l e t  - air  temperature, 
O F  
I n l e t  - air  
t o t a l  
pressure,  
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Combustion e f f ic iency  was calculated as 
Actual enthalpy r i se  acros8 combustor per l b  of a i r  
(Fuel -a i r  ra t io) (Heat ing  value of f u e l )  
For t e s t  da t a  obtained with hydrogen, t h e  enthalpies  a t  t h e  combustor 
i n l e t  and o u t l e t  were determined from the  cha r t s  presented i n  f i g u r e  7 .  
These cha r t s  were constructed from data of reference 4, assuming t h e  
following r eac t ion  t o  occur: 
02 + 3.78N2 + excess air +H20 + 1.89N2 + excess air H2 + 2 
The enthalpy of the  inlet  hydrogen-air mixture was based on the  a i r  t e m -  
pera ture  a t  s t a t i o n  B-8  ( f ig .  2 ) ;  the  enthalpy of t h e  exhaust gases, on 
t h e  a r i t hme t i ca l  average ind ica t ion  of t h e  1 6  chromel-alumel thermocouples 
a t  s t a t i o n  C-C ( f i g .  2 ) .  
f o r  va r i a t ions  i n  composition due t o  i n e f f i c i e n t  combustion; that is, only 
water, ni t rogen,  and oxygen were assumed t o  be present  i n  t h e  exhaust gases.  
A hea t ing  value f o r  pure hydrogen of 51,571 Btu per pound (l i terature value)  
was used. 
The enthalpy o f t h e  exhaust gas  was not  corrected 
Combustion e f f i c i e n c i e s  obtained with propane were calculated by the  
method described i n  reference 5, using the  6ame i n l e t  and o u t l e t  
6 
............... . 0.. 0 .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  ........................ 
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temperature measuring s t a t ions .  
19,930 Btu per  pound ( l i t e r a t u r e  value)  w a s  used. 
impurit ies present  i n  t h i s  f u e l  would not a f f e c t  i t s  heating value, s ince  
t h e  i m p u r i t i e s  have heating values c lose  t o  t h a t  of propane. 
A heat ing value f o r  t h e  propane f u e l  of 
The s m a l l  amount of 
RESULTS 
The combustion performance da ta  obtained with hydrogen f u e l  i n  t h e  
s ing le  533 combustor a r e  presented i n  t a b l e  I. 
c i e s  are  p l o t t e d  as a funct ion of temperature r i s e  i n  f i g u r e  8. The 
check d a t a  shown i n  t h i s  f i gu re  ( t a i l e d  symbols) i nd ica t e  a m a x i m u m  
deviat ion of almost 10 percent i n  combustion eff ic iency,  t h e  l a r g e r  de- 
v ia t ions  occurring a t  t h e  lower operating pressures .  This ind ica ted  
reproducib i l i ty  of da ta  i s  poorer than t h a t  normally expected i n  tu rbo je t  
combustion tests. The f a c t o r s  t h a t  are bel ieved t o  have contr ibuted t o  
t h e  poor r ep roduc ib i l i t y  include: (1) rotameters have been observed f r e -  
quently t o  given incons is ten t  gaseous f l u i d  f low measurements, ( 2 )  l imi t ed  
hydrogen supply required more r ap id  recording of t h e  data, with l e s s  time 
being allowed f o r  combustion t o  reach equilibrium conditions,  and (3) 
small var ia t ions  i n  i n l e t  pressures and temperatures occurred during da ta  
recording operat ions.  
l a r g e  e r rors  a t  t h e  very low flow r a t e s  requi red  f o r  low-pressure, low- 
temperature-rise operation. Two rotameters were used t o  obta in  the  da ta  
i n  d i f f e ren t  ranges of fuel-flow rate, and these  rotameters d id  not, i n  
a l l  cases, provide equivalent r e s u l t s .  I n l e t - a i r  conditions were par- 
t i c u l a r l y  subjec t  t o  va r i a t ions  a t  the  very low pressure,  where the  
maximum capacity of t he  exhaust system w a s  being u t i l i z e d .  
The combustion e f f i c i en -  
Fuel-flow measurements were subject  t o  p a r t i c u l a r l y  
The performance da ta  presented i n  f i g u r e  8 show t h a t ,  i n  p r a c t i c a l l y  
Combustion e f f i c i enc ie s  near 100 percent were a t t a i n e d  a t  t h e  
a l l  cases, combustion e f f ic iency  decreased with an increase i n  tempera- 
t u r e  r i s e .  
highest  pressure condition, 14.3 inches of mercury absolute  ( f i g s .  8(a)  
t o  ( f ) ) .  
pressure was reduced below 6 .2  inches of mercury absolute.  Considering 
t h e  reproducib i l i ty  of t he  data ,  t he  va r i a t ions  i n  nozzle design inves- 
t i g a t e d  had very l i t t l e  e f f e c t  on combustion e f f ic iency .  
cases s ingle  curves a r e  used t o  represent  t he  data obtained with two d i f -  
f e r e n t  nozzles. The most s ign i f i can t  e f f e c t s  of f u e l - i n j e c t i o n  charac- 
t e r i s t i c s  .were observed a t  very low temperature-r ise  conditions.  
Large decreases i n  e f f ic iency  occurred only when t h e  i n l e t  
I n  a number of 
The da ta  obtained w i t n  propane f u e l  a r e  presented i n  t a b l e  11; the  
va r i a t ion  i n  combustion e f f ic iency  with temperature r i s e ,  f o r  each of t he  
operating conditions invest igated,  i s  shown i n  f i g u r e  9 .  Combustion e f -  
f i c i ency  general ly  decreased both a t  low and a t  high values of tempera- 
t u r e  r i s e .  
observed a t  most of t h e  operating conditions inves t iga ted .  Ef f ic ienc ies  
near 100 percent were a t t a i n e d  only at high-pressure, low-velocity con- 
d i t ions ;  they decreased rap id ly  with a decrease i n  pressure and with an 
increase i n  reference ve loc i ty .  
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Included i n  f i g u r e  9 f o r  comparison are f a i r e d  curves represent ing 
t h e  performance of hydrogen under s i m i l a r  operating condi t ions.  
DISCUSSION 
S t a b i l i t y  L i m i t s  
7 
The d a t a  t h a t  have been presented show t h a t  gaseous hydrogen w i l l  
burn i n  an e s s e n t i a l l y  unmodified turboje t  combustor t o  pressures  as low 
as 3 . 3  inches of mercury with ve loc i t i e s  a t  that pressure of t h e  order 
of 65 t o  80 f e e t  per second. Limitations i n  t h e  t e s t  f a c i l i t y  prevented 
operat ion of t he  combustor a t  more severe conditions.  From t h e  observed 
s t a b i l i t y  of combustion, however, it i s  considered probable t h a t  sat is-  
f ac to ry  operat ion could have been maintained a t  even more severe condi- 
t i ons .  
combustion w a s  maintained t o  ve loc i t i e s  of 153 f e e t  per second a t  6.2 
inches of mercury absolute,  and 174 f e e t  per second a t  8.0 inches of 
mercury absolute .  Combustion could a l so  be maintained over a very broad 
range of f u e l - a i r  r a t i o  (or  temperature r ise) .  Fuel-air  r a t i o s  as low 
as 0.0002 were invest igated,  with no flame blow-out being observed. The 
highest  f u e l - a i r  r a t i o s  inves t iga ted  were always l imi t ed  by f a c i l i t i e s  
or by instrumentation and never by flame blow-out. 
A t  h igher  pressures ,  where larger flow capac i t i e s  were ava i l ab le ,  
The poor s t a b i l i t y  cha rac t e r i s t i c s  observed with gaseous propane a t  
-I 
high f u e l - a i r  r a t i o s  ( f ig .  9 )  are t o  be expected, s ince  t h i s  combustor 
w a s  designed f o r  a l i q u i d  f u e l  requir ing a f i n i t e  length  of t h e  combustor 
f o r  complete evaporation. The subs t i t u t ion  of a gaseous f u e l  g r e a t l y  
increased l o c a l  f u e l - a i r  r a t i o s  i n  the upstream end of t h e  combustor, 
where a r e l a t i v e l y  s m a l l  amount of air i s  introduced, causing overenrich- 
ment and flame blow-out. The broader s t a b i l i t y  l i m i t s  obtained with 
hydrogen ( f i g .  9 )  may be a t t r i b u t e d ,  a t  least i n  pa r t ,  t o  i t s  wider 
flammabili ty range. The lean-to-r ich flammabili ty range f o r  propane i s  
2.1 t o  9.4 percent by volume; corresponding values f o r  hydrogen a r e  4.0 
t o  74.2 percent (ref. 6, pp. 749, 751). 
Combustion Eff ic iency 
Combustion e f f i c i e n c i e s  of 90 percent and higher were obtained with 
hydrogen f u e l  a t  pressures  as low as 8.0 inches of mercury absolute .  The 
highest  e f f i c i e n c i e s  were observed at l o w  values of temperature r i s e .  
This t r e n d  ind ica t e s  t h a t  t h e  primary combustion zone w a s  operating over- 
r i c h .  More optimum conditions f o r  combustion were obtained a t  low over- 
a l l  f u e l - a i r  r a t i o s .  
c 
Combustion e f f i c i e n c i e s  of less than 100 percent were obtained a t  
p r a c t i c a l l y  a l l  conditions of operation. Losses i n  e f f i c i ency  i n  
8 
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turbojet  combustors have been a t t r i b u t e d  t o  (1) i n s u f f i c i e n t  residence 
time for  evaporation, mixing, and combustion of t h e  f u e l  and a i r ,  ( 2 )  
quenching ef fec ts  of t h e  r e l a t i v e l y  cool combustor w a l l s ,  and (3) i m -  
pingement of l i q u i d  f u e l  on the w a l l s  ( re f .  7 ) .  Bydrogen f u e l  has an 
extremely high flame speed (about 6 times t h a t  of propane, ref. 6, pp. 
460, 468) and requires no vaporization. Also, of course, l i q u i d  f u e l  
impingement on t h e  w a l l s  has been eliminated. Losses i n  e f f i c i e n c i e s  
are ,  therefore,  most probably a t t r i b u t a b l e  t o  e f f e c t s  of w a l l  quenching 
and insuf f ic ien t  mixing of t h e  f u e l  and t h e  a i r .  Previous research 
(ref. 8 )  has indicated a r e l a t i o n  between combustion e f f ic iency  and com- 




at t h e  plane where t h e  undisturbed f u e l  spray would impinge upon t h e  w a l l .  
This r e l a t i o n  w a s  a t t r i b u t e d  t o  some of t h e  f a c t o r s  noted previously - 
f u e l  impingement, w a l l  quenching, and f u e l - a i r  mixing pa t te rns .  For t h e  
combustor and t h e  operating conditions used i n  t h e  present t e s t s ,  e f f i -  
ciencies of l e s s  than 100 percent would be predicted.  
From t h e  preceding discussion, it would be expected t h a t  var ia t ions  
i n  in jec tor  design might a f f e c t  combustion e f f ic iency  by af fec t ing  t h e  
r a t e  of mixing of t h e  f u e l  and a i r .  Observed e f f e c t s  of var ia t ions  i n  
in jec tor  design on performance of hydrogen were r e l a t i v e l y  minor, and 
occurred pr inc ipa l ly  a t  very low values of temperature r i s e .  It must be 
concluded t h a t  the  in jec tors  invest igated d i d  not g r e a t l y  a l t e r  mixing 
charac te r i s t ics .  Major changes i n  t h e  air - introduct ion system might 
produce more pronounced e f f e c t s  on performance. 
m 
Relatively s m a l l  var ia t ions  i n  i n j e c t o r  design produced very s i g n i f i -  
The nozzle cant e f fec ts  on t h e  combustion e f f ic iency  of propane ( f i g .  9 ) .  
having the smaller o r i f i c e s  and hence t h e  higher pressure d i f f e r e n t i a l  
gave higher e f f i c i e n c i e s .  I n  t h i s  case t h e  var ia t ions  i n  mixing charac- 
t e r i s t i c s  were s u f f i c i e n t  t o  cause marked changes i n  combustion perform- 
ance of t h i s  l e s s  reac t ive  f u e l .  
Considerably higher e f f i c i e n c i e s  were obtained with hydrogen than 
with propane ( f i g .  9 ) .  
search ( re f .  5 )  indicat ing t h a t  higher combustion e f f i c i e n c i e s  may be 
obtained with f u e l s  having higher f l a m e  speeds. 
t h e  performance of hydrogen w a s  much less af fec ted  by l a r g e  increases i n  
reference veloci ty  than w a s  t h a t  of propane. This i s  of importance when 
considering f u t u r e  development engines u t i l i z i n g  higher flow per un i t  
area.  
This result would be expected from previous re-  
Figure 9 a l s o  shows t h a t  
The e f fec ts  of i n l e t - a i r  pressure pi, temperature Ti, and reference 
ve loc i ty  V r ,  expressed by the  cor re la t ing  parameter 
t h e  combustion e f f ic ienc ies  of hydrogen and propane are shown i n  f i g u r e  
10. 
( f ig .  lO(a) )  and 1180° F (f ig .  10(b)) ,  which correspond t o  c ru ise  and 
Vr-PiTi ( r e f .  2 )  on 
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rated-speed requirement!,': r ~ p s & i ~ e l y , ' . o f ' B  &$eSChta-tfmfe:tpbo je t  
engine (ref. 9 ) .  Hydrogen $gtg 0 .  ob8air;ed 0.0  0 0 with 0 .  'in$ef.tor: B; tDe: only one 
tested a t  a l l  operating conditions, and propaye bafa obt%in% with in- 
j e c t o r  A, which produced t h e  highest  e f f ic ienc ies ,  are shown i n  t h i s  
comparison. With hydrogen, marked decreases i n  e f f i c i ency  occur only a t  
very high values of Vr/piTi. The combustion e f f i c i ency  of propane w a s  
adversely a f f ec t ed  by increases  i n  
co r re l a t ing  parameter. Also, combustion of propane w a s  not poss ib le  a t  
t h e  higher value of temperature rise because of flame blow-out ( f i g .  9 ) .  
V,.piTi even a t  low values of t h e  
Curves represent ing combustion e f f ic ienc ies  obtained i n  t h e  same 
tubular  combustor with l i q u i d  MIL-F-5624A, grade JP-4 f u e l  (ref. 7 )  and 
i n  an experimental annular t u rbo je t  combustor with gaseous propane f u e l  
( re f .  9)  are included i n  f igu re  10. 
performance of t h e  tubular  combustor as it i s  cu r ren t ly  being used i n  
serv ice .  Very l a r g e  improvements i n  e f f ic iency  a t  severe operat ing con- 
d i t i o n s  would be obtained through t h e  use of gaseous hydrogen f u e l  i n  
t h i s  combustor. 
!The l i qu id - fue l  curve represents  t h e  
The experimental combustor curve shown i n  f i g u r e  10 i s  representa t ive  
of t h e  best performance t h a t  has been obtained i n  experimental combustors 
inves t iga ted  a t  t h e  NACA Lewis laboratory.  A t  low values of Vr/piTi t h e  
experimental combustor produced near 100-percent combustion eff ic iency;  
however, t h e  l imi ted  data ind ica t e  tha t  t he  e f f i c i ency  decreased more 
r ap id ly  with an increase i n  Vr/piTi than d i d  t h a t  of hydrogen. It i s  
expected t h a t  a combination of a high-performance experimental combustor 
and a highly r e a c t i v e  f u e l  such as hydrogen would assure near 100-percent 
combustion e f f i c i e n c i e s  over a very broad range of operating conditions.  
SUMMARY OF RESULTS 
The following results were obtained from an inves t iga t ion  of t he  
performance of gaseous hydrogen f u e l  i n  a s ing le  tubular  combustor oper- 
ated a t  low i n l e t - a i r  conditions: 
1. Hydrogen f u e l  burned over very broad ranges of combustor tempera- 
t u r e  r i s e  (or  f u e l - a i r  r a t i o )  a t  pressures as low as 3.3 inches of mercury 
absolute .  No combustion i n s t a b i l i t y  o r  flame blow-out w a s  observed within 
t h e  ranges of f u e l  and a i r  flow t h a t  were inves t iga ted .  
2. A t  i n l e t - a i r  pressures  of 8.0 inches of mercury and above, combus- 
t i o n  e f f i c i e n c i e s  i n  excess of 90 percent were maintained. A t  these  pres- 
sures  t h e  e f f e c t s  of l a r g e  increases i n  reference a i r  ve loc i ty  on combus- 
t i o n  e f f i c i ency  were r e l a t i v e l y  minor. 
mercury absolute,  marked decreases i n  combustion e f f i c i ency  were observed. 
A t  pressures  below 8.0 inches of 
10 NACA RM E54L30a 
4. I n  comparison, a gaseous hydrocarbon f u e l ,  propane, burned over 
only very l imi t ed  ranges of temperature r i s e .  Combustion e f f i c i enc ie s  
were lower and were very adversely a f f ec t ed  by increases  i n  reference 
ve loc i ty  and decreases i n  i n l e t - a i r  pressure t o  8.0 inches of mercury 
absolute.  
5. The superior  performance of hydrogen f u e l  i s  a t t r i b u t e d  t o  i t s  
higher flame speed and i t s  wider flammability range. The f a c t  t h a t  100- 
percent combustion e f f i c i ency  was not obtained over a broad range of 
operating conditions i s  a t t r i b u t e d  t o  l imi t ed  mixing of t h e  f u e l  and air 
i n  the  primary zone of t h e  combustor used f o r  these  tes ts .  
Lewis F l igh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 
Cleveland, Ohio, December 23, 1954 
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Injector configurations A, B, and C Injector  configuration D 
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(a) Injector configurations A, B, C, and D. 






































(b) Injector configuration E.  
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lM3 I I I I I I I I I 
Combustor temperature rise, "F 
(b) Combustor-inlet t o t a l  pressure,  14.3 inches of mercury 
absolute;  a i r - f low rate, 0.8 pound pe r  second; i n l e t - a i r  
temperature, 40° F j  reference ve loc i ty ,  80 feet  per 
second. 
Figure 8. - Variat ion of canbustion e f f i c i ency  with tempera- 
t u r e  rise f o r  hydrogen f u e l  i n  s ing le  tubular  combustor. 
. 
I I I I 
Fuel i n j ec to r  
B 
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f l o w  rate, 1.0 pound per  second; I n l e t - a i r  temperature, 200' Fj  reference 
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Combustor temperakwe rise, OF 
(d) Combustor-inlet t o t a l  pressure, 14.3 Inches of mercury absolute; air-  
f l o w  r a t e ,  1.0 pound per second; i n l e t - a i r  temperature, 40' F j  reference 
velocity,  100 f e e t  per second. 
Figure 8. - Continued. Variation of combustion eff ic iency with tempera- 



























(e) Combustor-inlet t o t a l  pressure, 14.3 inches of mercury 
absolute; air-flow rate,  1.3 pounds per second; in le t -  
a i r  temperature, 200° Fj  reference velocity, 173 fee t  per 
second. 
80 
0 400 800 1200 1600 2000 
Combustor temperature r ise ,  9 
( f )  Combustor-inlet t o t a l  pressure, 14.3 inches of mercury 
absolute; air-flow rate, 1.3 pounds per secondj in le t -  
air temperature, 40' FJ reference velocity, 131 fee t  per 
second. 
Figure 8. - Continued. Variation of combustion efficiency 








' Fuel ' in jeckor  1 
T a i l e d  symbols 
0 
(g) Combustor-inlet t o t a l  pressure,  8.0 inches of mercury absolu te j  air- 
flow r a t e ,  0.56 pound per  second; i n l e t - a i r  temperature, ZOOo F j  r e f -  
erence ve loc i ty ,  133 feet per  second. 
29 
0 400 800 1200 1600 2000 2400 
Combustor temperature rise, OF 
(h) Combustor-inlet t o t a l  pressure, 8.0 inches of mercury absolu te j  air-  
flow r a t e ,  0.56 pound per  second; i n l e t - a i r  temperature, 40° F; ref- 
erence ve loc i ty ,  100 f e e t  per second. 
Figure 8. - Continued. Variation of combustion e f f i c i ency  with tempera- 
ture rise f o r  hydrogen f u e l  i n  s ing le  tubular  combustor. 
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Fuel i n j e c t o r  






















7 0  
(i) Combustor-inlet t o t a l  pressure, 8.0 inches of 
mercury absolutej  air-flow rate, 0.73 pound per 
secondj i n l e t  -air temperature, 20O0 F j reference 
veloci ty ,  174 f e e t  per second. 
Combustor temperature rise, 9 
( J )  Combustor-inlet t o t a l  pressure, 8.0 inches of 
mercury absolutej air-flow r a t e ,  0.73 pound per 
secondj i n l e t - a i r  temperature, 40° F j  reference 
veloci ty ,  132 f e e t  per second. 
Figure 8. - Continued. Variation of combustion 
eff ic iency with temperature r i s e  f o r  hydrogen 






















(k) Combustor-inlet total  pressure, 6.2 inches of mercury 
absolute; air-flow rate, 0.50 pound per second; i n l e t -  
air  temperature, 200' F; reference veloci ty ,  153 feet 
d per second. 
( 2 )  Combustor-inlet t o t a l  pressure, 6.2  inches of mercury 
absolute;  air-flow rate, 0.50 pound per secondj i n l e t -  
air  temperature, 40' F j  reference veloci ty ,  115 feet 
per second. 
Figure 8. - Continued. Variation of combustion e f f ic iency  with 
temperature rise f o r  hydrogen f u e l  i n  s ing le  tubular  combustor. 
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I I I I I I I I I I 
,m) Combustor-inlet t o t a l  pressure, 3.3 inches of mercury absolute; air- 
flow r a t e ,  0.15 pound per second; i n l e t - a i r  temperature, 200' F; r e f -  
erence velocity,  83 f e e t  per second. 
Combustor temperature rise , ?F 
(n )  Combustor-inlet t o t a l  pressure, 3.3 inches of mercury absolute; air- 
flow r a t e ,  0.15 pound per second; i n l e t - a i r  temperature, 40' Fj ref- 
erence velocity,  65 f e e t  per second. 
Figure 8. - Concluded. Variation of cambustion eff ic iency with tempera- 
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400 800 1200 1600 2000 
Combustor temperature rise, OF 
(a) Combustor-inlet total pressure, 14.3 inches of mercury 
absolute j inlet -air temperature, 200' F . 
Figure 9. - Variation of combustion efficiency with tempera- 
ture rise for propane fuel in single tubular combustor and 
comparison with that for hydrogen fuel. 
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B Hydrogen --- 
4 Flame blow-out - 
178 
I 
4 00 800 1200 1600 2000 
Combustor temperature rise, 
(c) Combustor-inlet total preseure, 8.0 inches of mercury 
absolute; inlet-air temperature, 200' F. 
Figure 9. - Concluded. Variation of combustion efficiency with 
temperature rise for propane fuel in single tubular combustor 
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